 Comparing the infection rate between T-EVD and S-EVD with a prospective, randomized, blinded trial  T-EVD resulted in lower infection and CSF leakage rates than S-EVD  T-EVD should be preferentially performed, when the catheter can be removed within 10 days  The catheter should be removed as soon as permitted by the clinical situation
CSF drainage system was connected to the catheter. For the S-EVD patients, we secured the catheter at the original incision site after insertion, and an external CSF drainage system was also connected to the catheter. The rates of ERI were compared between the two patient groups. The odds ratios and ² test were used to analyze the results.
Results
One hundred twenty patients were randomly divided into two groups and underwent EVD placement. Among them, 60 patients in Group A received S-EVD, and 60 patients in Group B received T-EVD. Finally, 51 patients in Group A and 50 patients in Group B met all of the study inclusion/exclusion criteria and were thus eligible for inclusion in the evaluation of ERI rates. All clinical features of the two groups were similar. A total of 12 patients' (11.9%) CSF cultures were positive for infection. Ten (19.6%) patients who underwent S-EVD had CSF-positive cultures, while only 2 (4.0%) patients who underwent T-EVD had CSF-positive cultures (P=0.034). Additionally, 8 patients in Group A and 1 patient in Group B were complicated with CSF leakage (P=0.039).
A C C E P T E D M A N U S C R I P T

Introduction
External ventricular drainage (EVD) has been universally used since the 1960s for the management of patients with acutely elevated intracranial pressure (ICP) secondary to subarachnoid hemorrhage (SAH), trauma, intraventricular hemorrhage, and brain tumors that obstruct cerebrospinal fluid (CSF) circulation [1] [2] [3] [4] [5] [6] . Unfortunately, EVD implantation is associated with many serious complications, including misplacement, hemorrhage and EVD-related infection (ERI) [1] [2] [3] [4] [5] [6] . ERI is a major complication [7, [11] [12] [13] [14] [15] [16] [17] [18] that can prolong hospital stays, increase exposure to systemic antibiotics, increase hospital costs, and significantly increase mortality. A number of risk factors, including an increased indwelling duration, abnormal pathology, CSF leakage, concurrent systemic infection, and increased CSF sampling frequency, are reported to be associated with an increased ERI risk [7, [11] [12] [13] [14] [15] [16] [17] [18] . The techniques and technological advances related to the EVD procedure, namely, the materials for drainage and insertion, have been significantly refined, and the indications for EVD have been expanded. A widely practiced surgical technique is standard EVD (S-EVD), which is performed by drilling a burr hole around Kocher's point, inserting the
catheter into the lateral ventricle, and then securing the catheter to the skin [1, 4, 16, 23, 24] . Extraneous catheter colonization was assumed to be responsible for ERI [25, 26] ; therefore, various techniques have been proposed to reduce extraneous catheter colonization. Tunneled EVD (T-EVD) is one of these techniques; this technique involves insertion of a ventricular catheter that is tunneled a short distance (approximately 5 cm from the incision) distally. Although many neurosurgeons use this technique in their daily work, it has not been highlighted in the literature, and whether the technique can effectively reduce the risk of ERI remains unclear. This is a prospective observational study comparing the incidence rates of ERI after T-EVD and S-EVD. We aim to determine whether T-EVD results in lower rates of ERI than S-EVD. Furthermore, we provide supporting scientific and objective data for use in clinical practice.
Materials and Methods
From February 2018 to February 2019, a prospective, randomized, blinded study was conducted at the Union Hospital Neurosurgery Center, which is a large university teaching hospital and referral center for tertiary neurosurgery. The study evaluated the infection rate of S-EVD versus T-EVD procedures and was approved by the center's institutional review board or ethics committee. Additionally, in this study, every patient was required to provide informed consent.
Study Population
All adult patients admitted to the Union Hospital Neurosurgery Center for EVD placement were eligible for inclusion. The main exclusion criteria [1-3, 9, 13, 14, 17, 19-21] were 
Randomization
The patients were randomly divided into two groups.The patients in Group A received S-EVD, and the remaining patients in Group B received T-EVD. The randomization process is as follows: After sample size calculations, treatment regimens for each subject were generated by statisticians (who is not involved in subject recruitment or data collection) using a computer-generated random assignment sequence. Randomised group numbers were kept in sealed,opaque envelopes and were opened by neurosurgeons before operation. The choice of surgical procedure was determined by the neurosurgeon's envelopes, and the researchers did not influence the decision.
Surgical Procedure
In accordance with the local protocol for the implantation and management of EVD, the procedure was performed under sterile conditions in a neurosurgical operating room on an operating table [25, [27] [28] [29] [30] [31] [32] [33] . The incisional position of the burr hole and the EVD exit position were determined preoperatively [1-3, 7, 9-11, 13, 18-20, 34] . Then, we shaved the hair at the burr hole incision site and the EVD exit position, the skin was disinfected
with 1% iodine complex, and local anesthetic was administered. Depending on the attending neurosurgeon, a T-EVD or S-EVD catheter was inserted. A linear incision was made for T-EVD. The distal end of the catheter was inserted at approximately 5 cm until CSF was readily obtained, and then the catheter was tunneled approximately 4-5 cm from the insertion point [1-3, 7, 9-11, 13, 18-20, 34] . Finally, an external CSF drainage system (Medtronic Inc., Minneapolis, MN, USA) was connected to the catheter. The wound was closed with interrupted sutures attached to the galea aponeurotica and the skin. For the S-EVD patients, we secured the catheter at the original incision site after insertion, and an external CSF drainage system was also connected to the catheter. The new wound was covered with a sterile, breathable dressing. When necessary, drainage blockage was eliminated by flushing the drain with 3-5 mL of 0.9% NaCl [1, [17] [18] [19] 22] . Postoperatively, surgical and nursing staff followed the protocols of the latest expert consensus on CSF drainage in neurosurgery.
Data Collection
Following randomization, a research doctor began gathering data. Data were collected from the surgery database, clinical observations and records. A series of demographic and other significant data were recorded, including age, sex, the indications for the procedure, the time required for insertion, the number of attempts required to place the catheter, the time to infection, cultured microorganisms, the duration of systemic antibiotic use, the amount of antibiotics, complications, intensive care unit stay duration, and hospital stay duration. Drain management includes assessing the quantity and color of the CSF discharged every hour and the condition of the exit position. Each patient was examined
for nervous system function with the GCS (Glasgow coma score). Additionally, a professional nurse accurately documented swelling, inflammation, exudative blood, and CSF leakage at the exit position.
Microbiology and Definitions
CSF samples were collected using an aseptic technique at the time of catheterization, 3 days after catheterization, and at the time of catheter removal [27] [28] [29] [30] [31] [32] [33] . All CSF samples were sent to the institution's microbiology laboratory for routine CSF and biochemistry tests as well as CSF culture. The laboratory staff responsible for evaluating the specimens had no knowledge of the patients in the study. The definition of CSF infection was adapted from the Infectious Diseases Society of America's (IDSA) Clinical Practice Guidelines [17] . At least one of the following criteria must have been met: Kaplan-Meier survival curves were used to illustrate infection-free days until the diagnosis of infection in the study groups receiving T-EVD and S-EVD. The differences in the numbers of days in the intensive care unit (ICU), days with implanted EVDs, days receiving systemic antibiotics, and days in the hospital were analyzed using frequencies, the medians, and standard deviations. Finally, the significance level was set to 0.05.
Results
Study Population
In this study, one hundred fifty-one patients were screened for inclusion ( Figure 1 ).
Because catheter implantation was not clinically suggested, thirty-one patients did not receive EVD. One hundred twenty patients were randomly divided into two groups. Of these patients, 60 patients in Group A received S-EVD, and the remaining 60 patients in Group B received T-EVD. After the application of strict exclusion and inclusion criteria, 51 patients in the S-EVD group and 50 patients in the T-EVD group met the conditions for the evaluation of ERI.
In the final analysis, 9 patients, including 6 males and 3 females, were not included in the S-EVD group because a CSF sample was not collected (n = 2) or they met at least one of the exclusion criteria: an inability to provide consent (n = 2), pregnancy (n = 1), aplastic anemia (n = 1) and a positive CSF sample before EVD placement (n = 3). In these patients,
EVD was indicated for SAH (n = 2), spontaneous intracranial hemorrhage (SIH) (n = 3), hydrocephalus (n = 2), and traumatic brain injury (TBI) (n=2).
In the final analysis, 10 patients, including 6 males and 3 females, were not included in the T-EVD group because a CSF sample was not collected (n = 3) or they met at least one of the exclusion criteria: an inability to provide consent (n = 1), reluctancy to participate in the study (n = 1), systemic antibiotic use within a 1-2-week period before EVD placement (excluding perioperative antibiotics) (n = 2), skin infection (n = 1) and a positive CSF sample before EVD placement (n = 2). In these patients, EVD was indicated for SAH (n = 3), SIH (n = 4), hydrocephalus (n = 2), and TBI (n = 1).
No statistically significant differences were noted in age or sex, and similar indications for catheterization were recorded in the patients in the two groups. SIH and SAH were the leading indications for EVD (59%; SIH in 27% of the patients and SAH in 32% of the patients), followed by TBI (18.8%), hydrocephalus (9.9%), tumor (8.9%), and other (3.4%) ( Table 1) .
CSF Infection
We evaluated the incidence rates of ERI in patients undergoing S-EVD versus those 
Days of Treatment
ICU stays and the overall hospital treatment times varied based on the different methods ( Table 2 ). The mean times in the ICU were 6.26 days (SD 2.039) for the T-EVD cohort versus 10.27 days (SD 2.201 days) for the S-EVD cohort (P<0.05). The mean times in the hospital were 12.20 days (SD 2.650) for the T-EVD cohort versus 17.18 days (SD 1.493 days) for the S-EVD cohort (P<0.01). Additionally, the difference in the duration of catheter placement between the two groups was statistically significant. The total cumulative implant duration of all patients was 841 days. The cumulative implant duration in the T-A C C E P T E D M A N U S C R I P T EVD cohort was 377 days, whereas the cumulative implant duration in the S-EVD cohort was 464 days. The mean implant durations were 7.54 days (SD 2.052) for the T-EVD cohort and 9.10 days (SD 1.781 days) for the S-EVD cohort (P<0.05).
Complications
Seven (6.9%) patients, including 4 patients in the S-EVD group and 3 patients in the T-EVD group, exhibited poor wound healing, but the difference between the groups was not statistically significant (P=0.715). Nine (8.9%) patients, including 1 patient in the S-EVD group and 8 patients in the T-EVD group, presented subcutaneous hydrops (P=0.033).
Eight patients in the S-EVD group and 1 patient in the T-EVD group experienced CSF leakage (P=0.039). Additionally, the number of patients with catheter displacement was higher in the S-EVD group than that in the T-EVD group, although the difference was not statistically significant (P=0.103) ( Table 2 ).
Discussion
The EVD procedure continues to be a very useful and important tool for patients with acute ICP elevation [1, 3, 5-7, 9, 12, 16, 17, 19, 21, 34, 35] . Nevertheless, ERI is still a relatively universal problem and can result in serious morbidity. Claude-Nicholas Le Cat [1] performed the first EVD procedure in 1744. Since then, many advances in technology, materials, and indications for surgery have been achieved. The purpose of developing the T-EVD procedure was to reduce the occurrence of ERI and its related complications.
Friedman and Vries [1] first detailed the T-EVD technique in 1980. They used percutaneous tunneled EVD and reported no infections after 100 ventriculostomy procedures [24] .
However, limited by previous experimental statistical methods and different definitions of infection, this conclusion is not necessarily suitable for the present era. However, in this prospective, blinded, randomized trial, ten (19.6%) patients who underwent S-EVD and 2 (4.0%) patients who underwent T-EVD had positive CSF bacterial cultures (P=0.034). Thus, twelve patients had positive CSF cultures, resulting in an overall infection rate of 11.9%, which is essentially consistent with the rate of ERIs reported in previous studies. Lozier et al [3] noted that the accumulated rate of positive CSF cultures was 8.8% in a systematic and critical review of the literature on ERI.
The overall ERI rates were relatively low in this study, particularly with the T-EVD method, which may reflect improvements in catheterization and nursing techniques as well as the timely use of systemic antibiotics. All patients underwent EVD placement under sterile conditions, and EVD insertions outside the hospital were excluded in this trial. Most of patients were placed in the ICU after undergoing EVD placement. Drain management includes assessing the quantity and color of the CSF discharged every hour and the condition of the exit position [1, 2, 10, 11, 17, 19, 20, 24, 35] . Each patient's nervous system function was assessed with the GCS. Additionally, a professional nurse accurately documented swelling, inflammation, exudative blood, and cerebrospinal fluid leakage at the exit position and immediately reported such observations to the attending physician. A high number of patients (90.4%) received systemic antibiotics within 24-48 hours of EVD placement, and 80.2% of the patients received multiple antibiotic agents during the duration of EVD placement. In accordance with most previous studies, the definition of infection was adapted from the IDSA [17] . In previous studies, many authors define
infection as a positive CSF culture after EVD placement [1-3, 5, 8-11, 14, 18-21, 34, 35] . However, the definition in this trial included not only the presence of organisms in CSF cultures but also relevant parameters (fever, headache, decreased muscle force, neck stiffness, and abnormal conscious states, as well as CSF cell counts [5, 7, 8, 11, [16] [17] [18] 20] ) that we used to determine the need for clinical and laboratory tests. CSF culture is vital for the diagnosis of ERI, but several days may be required for incubation, and negative results do not rule out the possibility of bacterial infection in the final diagnosis.
Notably, CSF cultures are suggested for the identification of low-activity pathogens within at least 10 days, such as Propionibacterium acnes [31, 32, 36, 37] . ERI is related to increased mortality; therefore, treatment should be administered promptly. Medical staff should intervene early in these situations to avoid irreversible consequences. Additionally, Ian Pople et al [3] reported that low infection rates may also be associated with low-risk populations, including only a small number of patients with TBI or SIH. In fact, the patient populations in the two groups were similar in this study ( Table 2 ).
The T-EVD technique involves the creation of a subcutaneous channel between the puncture point and the exit position of the catheter and was developed based on the theory that the design of indwelling intravenous catheters prevents ascending infection [1, 4, 7, 18, 24, 35] . Most authors have reported that CSF leakage is strongly associated with the risk of infection [25-27, 29-33, 38] . By increasing the distance from the puncture point to the exit position of the catheter, the flow of CSF outside the catheter can be reduced, thus reducing CSF leakage. G K C Wong et al [8] reported that contamination during catheterization resulted in ERI. Clearly, as the catheter was tunneled approximately 4-5 cm
from the insertion point, T-EVD should delay external colonization of the catheter. Omar et al [8] found that using a 5-cm subcutaneous channel can effectively reduce the rate of ERI from 62.9% to 11.5%. Because we secured the catheter at the original incision site to prevent displacement and the wound was covered with a sterile, breathable dressing, the rate of catheter displacement was low and highly significant. Collins et al [8] reported that long subcutaneous EVD (LTEVD) reduces infection rates. However, the lumen is difficult to flush when the LTEVD technique is used, and the sutures may shrink the lumen and enhance the additional risk of mechanical compression, leading to unnecessary surgery (EVD removal). Silver-coated and antibiotic-impregnated catheters were reported to be sufficient for decreasing the risk of ERI [25, 27-29, 31, 32] ; however, this conclusion is controversial and warrants further research. Reported evidence demonstrates that overuse of antibiotics can result in the growth of antimicrobial-resistant microorganisms and enhance the risk of Clostridium difficile colitis. Notably, silver-coated and antibioticimpregnated catheters cost 4-5-times more than normal catheters. Arguably, considering patient safety and cost, the most effective and simple procedure was T-EVD.
The duration of catheter placement was positively related with the risk of ERI. However, whether the risk is linear and causal remains unclear. Holloway et al [25, 27-29, 31, 32] reported nonlinear relationships between the duration of ventricular catheter placement and the incidence of ventriculitis in 584 patients with severe head injury. The risk of ERI gradually increased within the first 10 days, but then the incidence of ERI stabilized.
Kaplan-Meier curves (Figure 2) show that the time before infection is longer with T-EVD than that with S-EVD, and the difference was significant. In a retrospective review of the A C C E P T E D M A N U S C R I P T literature, Leung et al [34] noted that most ERIs occurred within the first 5 days of drainage in 114 patients receiving EVD treatment. Two patients in the T-EVD group presented infection after the 10th day of monitoring. Ten patients in the S-EVD group presented infection on the 5th-7th days of drainage. These outcomes demonstrate that T-EVD can reduce the risk of ERI, especially within the first 10 days of drainage. Some studies observed the ERI rate per catheter day and reported that the catheter was in place for a greater number of days in patients with ERI [34] . Notably, T-EVD did not reduce the overall incidence of ERI; thus, T-EVD only delays potential infections without having any impact on the real incidence of ERI.
This study had a number of limitations. First, the definitions of ERI were inconsistent with those in some previous studies. Additionally, variations in study methodologies were present. Second, we did not perform a subgroup analysis, which may have influenced the rate of ERI. Third, suspected and colonization infection definitions were not considered.
When defining suspected and colonization infection cases as true cases of ERI, the incidence of ERI may be higher. In the multivariable analysis, the P value of the EVD placement method was 0.084, which is close to statistical significance and favors the T-EVD method. However, only large, prospective, controlled multicenter trials can conclusively validate these results.
Conclusion
T-EVD, when performed according to previously established perioperative management protocols, results in lower infection and CSF leakage rates than those reported for S-EVD.
Although our sample size was small, we recommend that T-EVD should be preferentially performed when surgeons determine whether a catheter can be removed within 10 days, and the catheter used for EVD should be removed as soon as permitted by the clinical circumstances.
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Baseline Characteristics of Patients undergoing T-EVD and S-EVD
Characteristics
T-EVD (n=50) S-EVD (n=51) P value
